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The semileptonic decays of the lowest-lying double-heavy baryons is treated in a quark model.
For the Ξbb, hyperfine mixing in the spin wave function leaves the total rate for decay into the lowest
lying daughter baryons essentially unchanged, but changes the relative rates into the Ξbc and Ξ
′
bc.
The same pattern is obtained in the decays of the Ωbb. For the Ξbc, this mixing leads to factor of
about 17 suppression in the decay rate to the Ξ∗cc, and a factor of two suppression in the total decay
rate. For the Ωbc, the decay to the Ω
∗
cc is suppressed by a factor of more than 30 from the unmixed
case, and the total decay rate is decreased to about 40% of the decay rate obtained when mixing is
ignored.
PACS numbers: 12.39.-x, 12.39.Jh, 12.39.Pn, 13.30.-a, 13.30.Ce, 14.20.-c
I. INTRODUCTION AND MOTIVATION
In a recent manuscript [1], we examined the spectra of heavy baryons, including those containing more than
one heavy quark, in a quark model. Among the baryons containing two different flavors of heavy quarks, one
aspect of particular interest was the possibility of hyperfine mixing among the baryons made of scalar (spin
zero) and axial vector (spin one) heavy diquarks. The result from that model was that the mixing among the
baryons was quite large, and the authors went on to suggest that this mixing would have significant impact on
other properties of these states. In the present manuscript, we examine the effects of this hyperfine mixing on
the semileptonic decays of baryons containing two heavy quarks.
The semileptonic decays of doubly-heavy baryons have been treated by a number of authors. White and
Savage [2] examined these decays using heavy quark spin symmetry, while Sanchis-Lozano [3] applied the heavy
quark effective theory to a discussion of both baryons and mesons containing two heavy quarks. Albertus and
collaborators [4], Flynn and Nieves [5], Ebert et al. [6], Hernandez, Nieves and Verde-Velasco [7] and Faessler
et al. [8] have examined these decays in quark models of different kinds. Guo et al. [9] obtain estimates for
the decay widths using a Bethe-Salpeter formalism. In the present work, we use a quark model that has been
applied to the semileptonic decays of baryons containing a single heavy quark [10, 11].
In the ground states of the doubly-heavy baryons ΞQQ and ΩQQ, where Q = b or Q = c, the pair of heavy
quarks is expected to form a diquark with spin one. In the limit of infinitely massive heavy quarks, the spin sh
of this heavy diquark is expected to decouple from that of the light quark, leading to the so-called heavy quark
spin symmetry (HQSS). One implication is that there should be a pair of nearly-degenerate states composed
of the diquark with spin 1 and the light quark with spin 1
2
. These two states are denoted ΞQQ (ΩQQ), having
total angular momentum 1
2
, and Ξ∗QQ (Ω
∗
QQ) with total angular momentum
3
2
. For the states Ξbc and Ωbc,
because the heavy quarks are not identical, in addition to the diquark with spin 1, the diquark in these states
can also have total spin zero, leading to another state with total angular momentum 1
2
. This state is usually
denoted Ξ′bc (Ω
′
bc) to distinguish it from the state containing the symmetric heavy diquark. These states and
their properties are summarized in Table I.
The Ξbc and Ωbc wave functions in column four of Table I are obtained when the hyperfine interaction that
induces mixing between heavy diquarks with different spins is suppressed. When this mixing is turned on,
the spin wave functions of column 5 result in the model described in [1]. Note that the question of hyperfine
mixing only applies to the states comprised of three different quark flavors. HQSS arguments suggest that this
hyperfine mixing should be small, but the model calculation of [1] yields the large mixings shown in column
five.
2TABLE I: The lowest lying states among the baryons containing two heavy quarks. sh is the total spin of the heavy
quarks. The spin wave functions in column four assume that hyperfine mixing can be ignored. When this mixing is not
ignored, the spin wave functions of column five result. All masses are in GeV.
State(Mass) Unmixed Flavor sh Spin Wave Function J
P
Wave Function (Unmixed) Unmixed Mixed
Ξcc(3.676) ccq 1 χ
λ N/A 1
2
+
Ξ∗cc(3.753) ccq 1 χ
S N/A 3
2
+
Ξbb(10.340) bbq 1 χ
λ N/A 1
2
+
Ξbc(7.011)
1√
2
(cb+ bc)q 1 χλ 0.92χλ + 0.39χρ 1
2
+
Ξ∗bc(7.074)
1√
2
(cb+ bc)q 1 χS χS 3
2
+
Ξ′bc(7.047)
1√
2
(cb− bc)q 0 χρ 0.92χρ − 0.39χλ 1
2
+
Ωcc(3.815) ccs 1 χ
λ N/A 1
2
+
Ω∗cc(3.876) ccs 1 χ
S N/A 3
2
+
Ωbb(10.454) bbs 1 χ
λ N/A 1
2
+
Ωbc(7.136)
1√
2
(cb+ bc)s 1 χλ 0.91χλ + 0.41χρ 1
2
+
Ω∗bc(7.187)
1√
2
(cb+ bc)s 1 χS χS 3
2
+
Ω′bc(7.165)
1√
2
(cb− bc)q 0 χρ 0.91χρ − 0.41χλ 1
2
+
II. THE MODEL
A. Baryon Wave Functions
Our discussion of the semileptonic decays of a baryon in our quark model begins with a description of the
way in which a baryon wave function is constructed. In our model, a baryon wave function is described in
terms of a totally antisymmetric color wave function, multiplying flavor, space and spin wave functions. We
use φ to denote flavor wave functions, χ for spin, ψ for space, and Ψ for both the spin-space and spin-space-
flavor wave functions. The spin-space wave function written for each state is partially determined by its flavor
wave function. For flavor wave functions that are (anti)symmetric under exchange of the first two quarks, the
spin-space wave function must also be (anti)symmetric under exchange of the first two quarks.
The total spin of the three spin- 1
2
quarks in the baryon can be either 3
2
or 1
2
. The spin wave functions for the
maximally stretched state in each case are
χS3/2(+3/2) = | ↑↑↑〉,
χρ
1/2(+1/2) =
1√
2
(| ↑↓↑〉 − | ↓↑↑〉),
χλ1/2(+1/2) = −
1√
6
(| ↑↓↑〉+ | ↓↑↑〉 − 2| ↑↑↓〉),
where S labels the state as totally symmetric, while λ/ρ denotes the mixed symmetric states that are symmet-
ric/antisymmetric under the exchange of quarks 1 and 2.
The Jacobi coordinates are chosen to be
ρ =
1√
2
(r1 − r2) (1)
and
λ =
√
2
3
(
m1r1 +m2r2
m1 +m2
− r3
)
. (2)
ρ is proportional to the separation of quarks 1 and 2, while l is proportional to the separation between the third
quark and the center of mass of the {12} pair of quarks.
3Since we are interested in only the lowest-lying states with JP = 1
2
+
or 3
2
+
, the spatial wave function is
written as
Ψ(ρ, λ) = ψ(ρ)ψ(λ), (3)
with
ψ(r) =
[
α√
pi
]3
2
e−
α
2
r
2
2 . (4)
This form is an approximation of the form used in [1], and amounts to truncating the expansion basis used in
that work after the first term in the expansion. For the states that we are treating in this manuscript, this is a
very good approximation. We note also that this spatial wave function is fully symmetric under permutation of
any pair of quarks, a property that we will exploit shortly. With this form, the wave function for a state with
JP = 1
2
+
is written
Ψ
1
2
+
= Ψ(ρ, λ)
(
aχρ + bχλ
)
, (5)
while that for a state with JP = 3
2
+
is
Ψ
3
2
+
= Ψ(ρ, λ)χS . (6)
B. Transition Matrix Elements
We denote the currents responsible for the semileptonic decays we’re interested in as Γ, and focus the discussion
on the spin matrix elements, as these determine, to a large extent, the structure of the form factors for transitions
between ground state baryons. Since we treat these matrix elements by assuming that the first two quarks are
spectators in the decay, we have
〈χλ|Γ|χρ〉 = 〈χρ|Γ|χλ〉 = 0. (7)
For form factors describing decays between baryons that are antisymmetric in the first two quarks, the matrix
elements
〈χρ|Γ|χρ〉 ≡ Γρρ (8)
are needed. These Γρρ matrix elements are the ones used in [10] for the calculation of the form factors describing
the semileptonic decays of heavy ΛQ baryons. For form factors describing decays between baryons that are
symmetric in the first two quarks, the matrix elements
〈χλ|Γ|χλ〉 ≡ Γλλ,
〈χS |Γ|χλ〉 ≡ ΓSλ,
(9)
are needed, and have been used to obtain the form factors for heavy ΩQ decays in [11].
The equations for the form factors for the semileptonic transitions of a baryon with JP = 1
2
+
to a daughter
baryon with JP = 1
2
+
are given in Appendix B.1.a of [11] for a daughter baryon whose flavor wave function
is symmetric in the first two quarks, and in Appendix C.1.a of [10] for a daughter baryon whose flavor is
antisymmetric in the first two quarks. For a daughter baryon with JP = 3
2
+
, the form factors are shown in
Appendix B.8.a of [11]. These form factors were obtained assuming that, for a quark transition Q→ Q′ in the
semileptonic decay A→ B, quark Q is the third quark in the parent baryon A, and quark Q′ is the third quark
in the daughter baryon B.
For the transitions that we consider here, the active quark is usually not the third quark in the wave functions
that we construct. However, by performing a permutation on the full wave function, the active quark can be
4made to be the third quark. When such a permutation is carried out, the spatial wave function may be rewritten
as
Ψ(ρ, λ) = Ψ(ρ′, λ′), (10)
where ρ′ and λ′ are defined in the permuted basis. For example, for the {312} ordering of quarks (the ‘default’
ordering is {123}), the Jacobi coordinates are
ρ′ =
1√
2
(r3 − r1),
λ′ =
√
2
3
(
m3r3 +m1r1
m3 +m1
− r2
)
. (11)
This redefinition of the Jacobi coordinates is accompanied by a ‘rescaling’ of the wave function size parameters,
αλ and αρ. The new size parameters are
βλ =
√
B2α2ρ +D
2α2λ, βρ = αραλ/βλ. (12)
B and D are determined by the permutation required in the wave function. For the {312} ordering of quarks,
for instance, B =
√
3/2 and D = m2/(m1 +m2). The spatial wave function written in terms of ρ, λ, αρ and
αλ has unit overlap with the wave function written in terms of ρ
′, λ′, βρ and βλ.
The spin wave functions are also modified by the permutation of the quarks. Of course, the fully symmetric
wave function, χS , remains invariant under any permutation. The other two representations mix with each
other, with the mixing coefficients determined by the particular permutation. For the {312} ordering, the
results are
χρ = −1
2
(
χρ
′ −
√
3χλ
′
)
,
χλ = −1
2
(√
3χρ
′
+ χλ
′
)
, (13)
where the primes indicate that the wave functions are symmetric or antisymmetric under exchange of the quark
labelled ‘3’ with the quark labelled ‘1’ in the original wave function.
C. bbq → cbq
For the parent baryon with flavor wave function bbq, with q = u, d or s, the space-spin wave function takes
the form of Eq. (5) with a = 0 and b = 1, for J = 1
2
. When the quarks are rearranged so that the flavor wave
function is qbb, the spin wave function becomes
−1
2
(√
3χρ
′
+ χλ
′
)
where the prime superscript indicates that the wave functions are symmetric or antisymmetric under exchange
of the first two quarks in the new wave function, namely q and b in this case.
The flavor wave function for the daughter baryon cbq may be written in one of two ways cbq or qcb, with the
spin-space wave function written to match. In the cbq form, the spin wave functions are usually taken to be
|cbq, 1
2
+
〉 = χλ, |cbq, 1
2
+′
〉 = χρ, |cbq, 3
2
+
〉 = χS . (14)
If hyperfine mixing is allowed, the spin wave function of a mixed spin one-half state is given by Eq. (5), with
a and b determined by the size of the mixing matrix elements. To calculate the form factors, the quarks are
rearranged into the order qbc, and the spin part of the wave function of Eq. (5) becomes
Ψ
1
2
+
=
1
2
[(
a−
√
3b
)
χρ
′ −
(√
3a+ b
)
χλ
′
]
. (15)
5The transitions between the ground state bbq and the lowest lying spin- 1
2
cbq states therefore require the
matrix elements
〈cbq, 1
2
+
|Γ|bbq, 1
2
+
〉 = −
√
3
4
(
a−
√
3b
)
Γρρ +
1
4
(√
3a+ b
)
Γλλ. (16)
Similarly,
〈cbq, 3
2
+
|Γ|bbq, 1
2
+
〉 = −1
2
ΓSλ. (17)
Note that this latter matrix element is the same for any representation chosen for the |cbq, 3
2
+〉. If mixing
between the possible configurations is ignored, the spin wave function of the daughter baryon has either a = 1
or b = 1, with the latter corresponding to the lowest lying state. In this case, the transition to this state requires
the matrix element
〈cbq, 1
2
+
|Γ|bbq, 1
2
+
〉 = 3
4
Γρρ +
1
4
Γλλ, (18)
while that to the second 1
2
+
state (a = 1, b = 0) requires the matrix elements
〈cbq, 1
2
+′
|Γ|bbq, 1
2
+
〉 =
√
3
4
(
Γλλ − Γρρ
)
. (19)
If the daughter baryon is written as qcb, but with the spin wave function still written as aχρ + bχλ, then the
1
2
+
state has spin wave function χρ (a = 1 in Eq. (20)), and the 1
2
+′
state has spin wave function χλ (b = 1
in Eq. (20)). In this case, the wave function of the parent baryon must be permuted as discussed above, while
that of the daughter must be permuted to qbc. The transition matrix elements required in this case are
〈qcb, 1
2
+
|Γ|bbq, 1
2
+
〉 = −
√
3
4
(
a+
√
3b
)
Γρρ − 1
4
(√
3a− b
)
Γλλ,
〈qcb, 3
2
+
|Γ|bbq, 1
2
+
〉 = −1
2
ΓSλ. (20)
D. cbq → ccq
Much of the discussion of the previous subsection can be applied to the semileptonic decays of the baryons
with flavor content cbq. We assume that the spin wave function of the parent baryon can be written as in
Eq. (5). After the appropriate rearrangements in both the parent and daughter baryon, the required matrix
elements are
〈ccq, 1
2
+
|Γ|cbq, 1
2
+
〉 =
√
3
4
(
a+
√
3b
)
Γρρ − 1
4
(√
3a− b
)
Γλλ,
〈ccq, 3
2
+
|Γ|cbq, 1
2
+
〉 = 1
2
(√
3a− b
)
ΓSλ. (21)
E. Effects of Mixing
The matrix elements shown in Eqs. (18) and (19) assume that there is negligible mixing between the Ξbc and
Ξ′bc (or Ωbc and Ω
′
bc) states, and that these states are expressed in the cbq basis. If these states are written in
the qcb basis, the work of [1] indicates that the lowest-lying JP = 1
2
+
state has a spin wave function that is
predominantly χρ (antisymmetric in the q and c quarks), with a small admixture of χλ. In terms of the wave
functions of the cbq basis [Eq. (5)], this corresponds to a ≈ 1/2 and b ≈ √3/2. In the limit that the mixing
6TABLE II: Results for semileptonic decays in units of 1010s−1. cbq indicates that the spin wave function of the Ξbc or
Ωbc states are taken to be symmetric or antisymmetric in the b and c quarks, while qcb indicates that they are symmetric
in the q and c quarks. Unmixed indicates that hyperfine mixing is ignored in the wave function.
Decay cbq unmixed qcb unmixed cbq mixed Decay cbq unmixed qcb unmixed cbq mixed
Ξbb → Ξbcℓν 0.72 0.19 0.29 Ωbb → Ωbcℓν 0.88 0.24 0.33
Ξbb → Ξ
′
bcℓν 0.47 1.00 0.90 Ωbb → Ω
′
bcℓν 0.56 1.20 1.11
Ξbb → Ξ
∗
bcℓν 4.64 4.64 N/A Ωbb → Ω
∗
bcℓν 4.66 4.66 N/A
Ξbc → Ξccℓν 1.54 2.26 2.18 Ωbc → Ωccℓν 1.36 2.01 1.95
Ξbc → Ξ
∗
ccℓν 3.56 0.00 0.20 Ωbc → Ω
∗
ccℓν 3.87 0.00 0.12
between the two states expressed in the qcb basis is suppressed, ‘≈’ become ‘=’, and the transition matrix
elements then become
〈qcb, 1
2
+
|Γ|bbq, 1
2
+
〉 =
√
3
4
(Γλλ − Γρρ) ,
〈qcb, 1
2
+′
|Γ|bbq, 1
2
+
〉 = −1
4
(3Γρρ − Γλλ) ,
〈qcb, 3
2
+
|Γ|bbq, 1
2
+
〉 = −1
2
ΓSλ,
〈ccq, 1
2
+
|Γ|qcb, 1
2
+
〉 = −
√
3
2
Γρρ,
〈ccq, 3
2
+
|Γ|qcb, 1
2
+
〉 = 0. (22)
In the unmixed qcb basis, the |qcb, 1
2
+′〉 has spin wave function χλ, and the relevant matrix elements are
〈ccq, 1
2
+
|Γ|qcb, 1
2
+′
〉 = −1
2
Γλλ,
〈ccq, 3
2
+
|Γ|qcb, 1
2
+′
〉 = ΓSλ. (23)
However, it is unlikely that these decays will ever be observed, as the electromagnetic decays |qcb, 1
2
+′〉 →
|qcb, 1
2
+〉 + γ will dominate the spectroscopy of these states. The mixing therefore has a large impact on the
semileptonic decays of the lowest lying qcb states, leading to significant suppression of the possible decay modes.
III. NUMERICAL RESULTS AND CONCLUSION
Table III shows the results that we obtain for the semileptonic decay rates of the lowest lying baryons
containing two heavy quarks. In this table, columns 1 and 5 identify the decay and columns 2 and 6 show the
decay rate obtained if hyperfine mixing in the cbq states is neglected. Columns 3 and 7 show the results when
these states are written as qcb, but with mixing still ignored, while columns 4 and 8 show the results obtained
when hyperfine mixing is allowed, in either basis. For decays of the Ξbb and Ωbb to the spin-
3
2
states, the decay
rate is independent of the representation (cbq or qcb) of the daughter baryon.
The table shows that the total decay rates of the Ξbb and Ωbb states are independent of the representation
chosen for the states. These total decay rates are also independent of mixing, but the relative decay rates into
the two possible spin- 1
2
daughter baryons is significantly affected by mixing.
For the Ξbc and Ωbc mixing has a very significant effect on the total decay rates, as well as on the decay rates
to exclusive channels. For the Ξbc, for instance, the total decay rate obtained when mixing is ignored (in the
cbq basis) is 5.10× 1010s−1. When the basis is changed to qcb, this rate decreases to slightly less than one half
7of this value (2.26 × 1010s−1). When mixing is included, the rate increases slightly from this latter value to
2.38× 1010s−1.
The effect of mixing on the rate Ξbc → Ξcc is significant, but the effect on the rate to Ξ∗cc is very dramatic.
Without mixing, in the cbq basis, this decay channel dominates the semileptonic decays of the Ξbc, accounting
for about 70% of the total decay rate. If the basis is changed to qcb with mixing neglected, this decay is not
allowed. The small mixing that occurs in this basis (or the large mixing in the cbq basis) is what allows there
to be any rate in this channel. The net effect is that this exclusive decay is suppressed by a factor of more than
17 (the suppression factor is more than 30 for the corresponding decays of the Ωbc), and the total decay rate of
the Ξbc is suppressed by a factor of 2. For the Ωbc, the suppression of the total rate is somewhat larger than
this.
Among the decays of the Ξbb and Ωbb, hyperfine mixing modifies the exclusive decay rates but leaves the total
decay rate of each of these states essentially unchanged. For the Ξbc and Ωbc, this mixing significantly alters
the total decay rates. However, the total decay rate of the Ξbc and Ξ
′
bc taken together is essentially unchanged
by mixing. The total decay rate from these two parent baryons into the Ξcc final state is largely unchanged
(2.46, 2.44 and 2.45 (×1010s−1) for the cbq unmixed, qcb unmixed and cbq mixed representations of the Ξbc
states, respectively). The same is true for the total decay rate into the Ξ∗cc, with rates of 14.90, 15.10 and 15.08
×1010s−1 from the three representations of the Ξbc states, respectively, and this pattern is repeated for the
decays of the Ωbc states.
As was suggested in [1], and in the work of Bernotas and Simonis [12], we have found that hyperfine mixing in
the wave functions of baryons containing two heavy quarks have significant effects on their semileptonic decay
rates. Similar effects can be expected in the strong and electromagnetic transitions of these states, although
the effects may not be quite as dramatic as shown in this manuscript.
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